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Abstract
The mammalian neocortex is subdivided into regions that are specialised for the processing of particular forms of information. These
regions are distinct in terms of their cytoarchitecture, electrophysiology, and connectivity. How this regional diversity is generated through
development is currently a topic of considerable interest and has centered upon two main issues. First, to what extent are these regions
prespecified by intrinsic genetic mechanisms? Second, what is the influence of extrinsic activity in transmitting signals that ultimately shape
functional regions? Historically, experimental evidence has tended to emphasise the role of extrinsic influences, but the identification and
analysis of several genes that are expressed asymmetrically in the developing neocortex have tempered this viewpoint. We review current
literature from the standpoint that intrinsic influences act early in neocortical development to generate molecular patterning whose main role
is the guidance of long-range projections from the dorsal thalamus. Extrinsic influences appear to generate receptive fields for peripheral
input, the summation of which determines the areal extent of particular neocortical region.
© 2003 Elsevier Science (USA). All rights reserved.
Introduction
Of all the subdivisions of the CNS, the neocortex is
considered key to the development of our rich cognitive,
perceptual, and emotional lives. Its uncanny ability to form
accurate representations of the sensory world, to distill from
these representations complex inferences about both our
social and physical environments, and to use these abstrac-
tions to plan and implement appropriate programs of action
is truly astounding. Unlike other parts of the brain, the
human neocortex has become disproportionately expanded,
being seven times larger relative to total brain size in Homo
sapiens as compared with the tiny tree shrew (Finlay and
Darlington, 1995). Presumably, this expansion hints at the
importance of the neocortex in higher cognitive functions
and other traits associated with increasingly complex be-
haviour, but does little to explain mechanistically how such
an expansion would result in an increase in intelligence.
Causally, this is better explained by an increase in the
number of anatomically and functionally distinguishable
regions into which the neocortex is partitioned, a suggestion
made as early as 1664 by Thomas Willis. Classical anatom-
ical studies have uncovered some 40–50 cytoarchitecturally
distinct regions within the brains of humans, with more
recent analyses finding a correspondingly smaller number in
lower mammals (Brodmann, 1909; Caviness, 1975; see Fig.
1a). Such areas are distinguishable on the basis of differ-
ences in lamination, connectivity, and neurochemistry.
These cytoarchitectural properties can vary sharply between
different neocortical regions, and there are many studies
where the loss of a specific function has been correlated
with the loss of a region with distinct cytoarchitectural
properties (Kaas and Garraghty, 1991; Kaas and Krubitzer,
1992). For example, damage to the left hemisphere at either
Broca’s or Wernicke’s areas results in an inability to pro-
cess language and generate speech (Wernicke, 1874). In a
similar vein, regions have been found that are essential to
the perception of motion, form, and other aspects of vision
(Zeki, 1978). This leaves little doubt that anatomical differ-
ences can encode functional variation. What remains in
doubt is how these cytoarchitectural differences are estab-
lished and maintained in the embryo.
From a developmental biologist’s point of view, does
this variation stem from genetic differences intrinsic to
neocortex or is it more dependent on extrinsic influences,
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such as patterned activity derived from peripheral stimula-
tion? Historically, the importance of extrinsic influences
was considered paramount, as many experiments, especially
in the visual system, had shown that correct development
and maintenance of regional character had an obligatory
dependence on patterned activity (Mower et al., 1981; Wie-
sel and Hubel, 1965; Woolsey and Wann, 1976). Such
arguments were championed by the protocortex hypothesis,
which asserted that regional character is entirely dictated by
extrinsic influences, specifically patterned sensory activity
provided by thalamocortical afferents, and act (O’Leary,
1989; see Fig. 1c). This viewpoint overshadowed the role of
intrinsic factors, but recent developmental investigations
have defined a crucial involvement for intrinsic mechanisms
whose divination has both complemented prior work and
refined our understanding of neocortical development.
Radial migration and the protomap hypothesis
Anatomically, the neocortex is defined as that portion of
the dorsal forebrain in which the neuroepithelium is com-
Fig. 1. (a) Lateral view of the human (top) and mouse (bottom) neocortices. The approximate locations of cytoarchitectonically distiguishable regions are
outlined in black, and the primary and secondary sensorimotor regions are colour-filled as are the mouse lateral paralimbic areas. Arrows point to schematic
depictions of cytoarchitectural differences between motor (centre) and primary visual (right of centre) cortex. Note the relatively small proportion of total
human cortex devoted to primary/secondary sensory processing as compared with the mouse. (b) Timeline showing the inside-out sequence of lamination
in the mouse. Neurons born within the VZ differentiate and migrate upwards into the CP. (c, d) The protocortex (c) and protomap (d) hypotheses. The
protocortex argument posits that patterned input from the thalamus is responsible for causing cytoarchitectonic variation within the CP, which is
undifferentiated prior to its arrival. The protomap hypothesis states that this differentiation is generated by intrinsic mechanisms which operate within the
VZ, and this differentiation is maintained by the radial mode of migration used by most neurons to reach the CP.
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posed of six layers, each aligned parallel to the pial surface.
With some important exceptions, the majority of neocortical
neurons which populate this structure are generated in pro-
liferative neuroepithelium which lines the lateral ventricles
of the developing telencephalon. This region is known as
the ventricular zone (VZ),1 and newly born neuroblasts
migrate outwards towards the pial surface to eventually
form the cortical plate (CP). This formation is characterised
by an inside-out gradient of maturation whereby neurons
destined to form the deeper layers are the first to differen-
tiate and leave the VZ (Angevine and Sidman, 1961; see
Fig. 1b). Later-born neurons migrate through the earlier
formed layers to reach their final destination. Exceptions to
this rule are the earliest differentiated neurons, which form
a transitory population above the VZ called the preplate.
The preplate has important roles in organising layering and
is in turn split by the CP into two other structures; the
marginal zone which continues to direct lamination and
eventually goes on to form the cell poor layer I, and the
subplate, a transitory structure underneath the CP which
may function to guide thalamocortical afferents to the CP
(Allendoerfer and Shatz, 1994; D’Arcangelo et al., 1995,
1997; Ghosh et al., 1990; Ogawa et al., 1995) (for reviews
on subplate, see Allendoerfer and Shatz, 1994; on lamina-
tion, see Lambert de Rouvroit and Goffinet, 2001).
Early electron microscopy studies revealed that migrat-
ing neuroblasts were closely associated with radial glia, a
population of cells whose processes span the neocortical
neuroepithelium (Rakic et al., 1974). This finding led to the
hypothesis that migrating neuroblasts use the radial glia as
a scaffold to make their way from the VZ to the marginal
zone. This has since been corroborated by fate-mapping
studies in X-inactivation mosaics and chimeras where the
majority of neurons show radial dispersion in the neocortex
(Tan and Breen, 1993; Tan et al., 1998). However, these
studies did not address the question of why radial migration
was necessary. The data, however, provide a structural
framework to embrace the protomap hypothesis, suggesting
that radial migration serves to maintain the near-neighbour
positions of neurons as they migrate to the CP, thereby
conserving the spatial mapping of intrinsic genetic informa-
tion in neocortical progenitors (Rakic, 1988; see Fig. 1d).
This hypothesis has been further bolstered by the recent
discovery that radial glia are in fact the proliferative pre-
cursors for most neocortical neurons (Heins et al., 2002;
Malatesta et al., 2000; Noctor et al., 2001). Whether these
tightly coupled proliferative/migratory units develop into
the functional columns seen in the adult remains a future
topic of research.
The aim of this paper is to highlight recent evidence
supporting the protomap argument and to suggest the details
of how it is implemented within the developing neocortex.
Interested readers should also be aware that other reviews
which discuss intrinsic influences on neocortical patterning
have been published (Monuki and Walsh, 2001; O’Leary
and Nakagawa, 2002; Pallas, 2001; Ragsdale and Grove,
2001).
Analysis of Gbx2/ mice, LAMP, latexin, and the
H-2Z1 transgenic mouse provide evidence of intrinsic
specification
For the protomap hypothesis to be valid, it must be
demonstrated that there is genetic regionalisation within the
neocortex that is independent of extrinsic influences, such as
thalamocortical afferents. This was most convincingly ver-
ified by analysis of the Gbx2/ mouse, where thalamic
afferents fail to enter into the neocortex, a defect that is
likely to stem from the thalamus as Gbx2 is not expressed
within the neocortex (Miyashita-Lin et al., 1999). In these
mice, expression of various asymetrically distributed mark-
ers in the neocortex remained relatively unchanged, even in
the absence of thalamocortical afferents, showing conclu-
sively that intrinsic patterning alone can account for the
regionalised expression of various genes.
Coming from the other spectrum, the first indication that
gene expression might be intrinsic to a specific neocortical
region came with the isolation of the limbic system-associ-
ated membrane protein (LAMP), which marks limbic neo-
cortex from as early as E14 in the rat (Horton and Levitt,
1988; Pimenta et al., 1996). This expression pattern is sta-
1 Abbreviations used: A1, Primary auditory cortex; A2, Secondary
auditory cortex; BMP, Bone morphogenetic protein CAM, Cell adhesion
molecule CP, Cortical plate FGF8, Fibroblast growth factor 8 LAMP,
Limbic-system associated membrane protein LDN, Lateral dorsal nucleus
(limbic thalamus) LGN, Lateral geniculate nucleus (visual thalamus) LPN,
Lateroposterior nucleus (limbic thalamus) MGN, Medial geniculate nu-
cleus (auditory thalamus) Ntm, Neurotrimin RA, Retinoic acid S1, Primary
somatosensory cortex S2, Secondary somatosensory cortex SVZ, Sub-
ventricular zone V1, Primary visual cortex V2, Secondary visual cortex
VBN, Ventrobasal nucleus (somatosensory thalamus) VZ, Ventricular
zone Wnt, Wingless homolog.
Fig. 2. Overexpression of FGF8 in the anterior neocortex (b) induces a
caudal shift in the barrel field compared with normal FGF8 level (a).
Caudal overexpression (c) can result in partial barrel field duplication.
Rostral overexpression of soluble FGF receptor results in a rostral shift in
the barrel field (d).
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ble, as culturing limbic cortex explants or transplantation of
E14 limbic cortical cells into the neonatal sensorimotor
neocortex does not eradicate its expression (Barbe and Lev-
itt, 1991). This is not the case for E12 embryonic limbic
grafts transplanted into newborn sensorimotor cortex, where
LAMP expression does not develop, suggesting that early
environmental influences are instructive in determining
LAMP phenotype (Barbe and Levitt, 1991). One difference
between the two samples is that E12 limbic cortex is pri-
marily composed of dividing neuroblasts, whereas LAMP-
expressing cells at E14 have a greater representation of
postmitotic neurons. More detailed studies of the signalling
pathways involved in LAMP gene transcription have found
erbB tyrosine kinase receptors to be capable of inducing
LAMP expression when cultures of dividing limbic neuro-
blasts are stimulated with TNF- or -heuregulin (Eagleson
et al., 1998). In postmitotic neurons, these factors cannot
induce LAMP expression, indicating that non-cell-autono-
mous factors may influence cortical progenitors only prior
to neuronal differentiation. This notion is compatible with
the suggestion that gradients of these factors act early to
influence area character (see below). In this respect, deter-
mination of regional fate may share some similarities with
the mechanisms of neocortical laminar fate determination.
In the ferret, it has been demonstrated that transplanted
neuroblasts are only capable of changing their layer desti-
nation if they pass through S-phase within the host envi-
ronment (Desai and McConnell, 2000; Frantz and McCon-
nell, 1996; McConnell and Kaznowski, 1991). S-phase may
be an important time for chromatin restructuring, the effects
of which can alter gene transcription permanently. Indeed,
recent imaging of cell nuclei have found cell-cycle phase-
specific changes in chromatin dynamics (Gasser, 2002).
Within the nonlimbic cortex, the stability of molecular
regionalisation has been demonstrated in a similar fashion
with latexin and in the H2Z1 transgenic mouse line. These
markers are expressed later in development than LAMP,
appearing postnatally, but culturing of mouse embryonic
explants demonstrates that they are fated to be expressed as
early as E13.5 (Cohen-Tannoudji et al., 1994; Arimatsu et
al., 1999b). Latexin marks excitatory neurons within the
lateral regions of the neocortex (Arimatsu, 1994; Arimatsu
et al., 1999a,c). Adhesive cocultures of lateral and medial
neocortex have demonstrated that latexin induction is de-
pendent on cell–cell contact and that the early (E13.5)
medial neocortex is incapable of responding to such a stim-
ulus, indicating that even at this stage there is irreversible
molecular differentiation (Arimatsu et al., 1999c). The H2z1
transgenic mouse expresses -galactosidase within layer IV
cells of the somatosensory cortex, with particularly strong
staining of the whisker responsive barrels. Transplantation
of E14.5 H2z1 parietal explants into the visual cortex region
of newborn mice did not repress expression of -galactosi-
dase, implying that the expression of this transgene is both
stably expressed and insensitive to signals within the recip-
ient environment. Together, the above provides strong evi-
dence for early genetic specification of the neocortical wall.
Area map position is regulated by Emx2, Pax6, and
COUP-TF1
The above studies support the protomap hypothesis to
the extent that intrinsic regionalisation can occur early in
neocortical VZ. However, none of these genes is likely to be
involved in regulating early regional specification, as all of
them are expressed in postmitotic neurons. Better candi-
dates are a number of transcription factors, including Emx2,
Pax6, and COUP-TF1. The homeobox transcription factors
Emx2 and Pax6 are both present within the early VZ and are
expressed in a graded fashion, the former being most abun-
dant in the caudomedial neocortex, the latter in the rostro-
lateral. Double KO experiments indicate that Emx2 and
Pax6 are essential to neocorticogenesis, and KO of either
Emx2 or Pax6 resulted in expansion or contraction of caudal
neocortical domains, respectively (Bishop et al., 2000,
2002; Mallamaci et al., 2000; Muzio et al., 2002a). This was
ascertained by observing shifts in expression for several
regionalised markers and associated changes in thalamocor-
tical connectivity (Bishop et al., 2000, 2002; Mallamaci et
al., 2000). These changes are not secondary to more general
perturbations of cortical architecture, since inactivation of a
related gene, Emx1, did not induce shifts in the same set of
markers. The authors of this study also observed that the
shifts in marker expression differed between the upper and
lower layers. This is consistent with recent data which
suggest that the lower and upper neocortical layers are
generated from separate precursors within the VZ and SVZ,
respectively, with the correct differentiation of the latter
group being dependent on Pax6 (Tarabykin et al., 2001). If
confirmed, this opens up the interesting possibility that
intrinsic regional character can be imparted or interpreted
differentially by distinct proliferative subpopulations within
the neocortical wall. Layer-specific assessment of when
regional markers become irreversibly fated may shed some
light on this.
COUP-TF1, an orphan nuclear receptor whose early ex-
pression is restricted to the caudal neocortex, may act in
parallel or downstream of Pax6 and Emx2, as their expres-
sion remains unchanged in COUP-TF1/ mice. However,
the expression of other regionalised markers is perturbed
within COUP-TF1/ mice, but unlike Pax6 or Emx2 KO
animals, these changes manifest themselves as inappropri-
ate rather than shifted expression, perhaps indicating a role
for COUP-TF1 as a regionalised modulator of gene expres-
sion (Zhou et al., 1999, 2001). This difference also implies
that COUP-TF1 expression is either wholly or mostly inde-
pendent of Pax6 and Emx2. Unfortunately, resolving this at
the genetic level would be difficult as Emx2/Pax6 double
KOs do not form a neocortex at all (Muzio et al., 2002a).
COUP-TF1 can bind DNA via heterodimerization with
224 C. Job, S.-S. Tan / Developmental Biology 257 (2003) 221–232
other nuclear receptors, such as the RXRs and RARs, po-
tentially inhibiting gene transcription by repression of pro-
moter activity (Cooney et al., 1993; Leng et al., 1996). As
discussed below, retinoid signalling is active within the
embryonic neocortex (Smith et al., 2001). This may explain
why some genes become activated/inactivated in COUP-
TF1/ mice, but it should also be noted that some of these
changes occur outside COUP-TF1’s zone of expression.
This might be attributable to COUP-TF1’s role in the proper
differentiation of the subplate and disruption of normal
thalamocortical afferent targeting, which could alter extrin-
sic modification of gene expression within the neocortex
(Zhou et al., 1999).
What remains unclear is whether these transcription fac-
tors affect genes that directly influence regionalisation (see
below) or instead control the expression of other transcrip-
tion factors capable of carrying out this task. Few examples
of transcription factors which might fulfill this intermediary
role have been described, and as discussed below, no indi-
vidual cell adhesion or signalling molecule defines any adult
regional boundary, a fact that if not arguing against their
existence certainly does not a priori imply it. Whilst Pax6
and Emx2 do have mutually repressive effects on one an-
other’s expression domain, their cross-regulatory interac-
tions do not serve to produce molecular compartments but
to maintain complementary expression domains (Muzio et
al., 2002b). More regionalised expression may be better
effected by the various nuclear receptors present, which are
capable of mutally repressive effects on each other’s ex-
pression. The extent to which cell-autonomous mechanisms
can determine area-specific properties is, however, likely to
be limited as it has been shown that latexin induction is
modulated by cell adhesion (Arimatsu et al., 1999b). This
study also found evidence that non-cell-autonomous, cell
adhesion-mediated signalling may also operate in postmi-
totic neurons, a result that potentially sets limits on the
proto-map’s hypothesis, which by definition acts on prolif-
erative populations.
Fig. 3. (a) Speculative scheme for early adhesion events which may underlie regions specific axon targeting to and from the neocortex. Various regionally
expressed cell-adhesion molecules (Cad6, blue; Cad11, red; LAMP, yellow dots; Neurotrimin, green dots) may mediate specific adhesion (1) or deadhesion
(T) processes (inset), which facilitate area-specific fasciculation between corticothalmic efferents and thalamocortical afferents. (b) The influence of EphrinA5
on the latter stages of thalamocortical targeting. Graded expression of EphrinA5 (purple) within S1 may repel axons expressing the EphA3 receptor (red),
which itself has graded expression within the VBN. EphrinA5 may also repel limbic axons from entering S1 via the EphA5 receptor (blue), thus ensuring
correct targeting to the cingulate cortex. (Inset) EphrinA5 (purple, “”) may also mediate targeting of thalamocortical afferents to layer IV, but the specificity
of this targeting may be reliant on the presence of other layer specific molecules, such as the semaphorins (yellow, “”).
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Patterning centers may induce transcription factor
gradients
So, graded transcription factor expression may be re-
sponsible for encoding the positional information within
neocortical progenitors. Yet, how do such gradients form in
the first place? As the Roman historian Juvenals observed:
Sed quis custodiet ipsos custodes (who is to guard the
guards themselves)? The discovery that the early neocorti-
cal primordium is surrounded by discrete populations of
cells (e.g., roofplate, cortical hem, anterior neural ridge)
which express diffusible signalling molecules (e.g., BMPs,
Wnts, FGF8) has implicated these areas as candidate pat-
terning centres (Grove et al., 1998; Crossley et al., 2001;
Fukuchi-Shimogori and Grove, 2001; Monuki et al., 2001).
Such centres may be analogous to the floor and roof plates
in the spinal cord which produce sonic hedgehog and wing-
less (Wnt) homologs, respectively (Jessell, 2000). These
substances act to ventralise or dorsalise developing spinal
cord into subdivisions that, broadly speaking, consist of
motor or sensory neurons. In analogous fashion, sonic
hedgehog in the forebrain regulates differentiation of ven-
tral structures, such as the septum, basal forebrain, and
ganglionic eminences, but has no reported effect on the
more dorsal telencephalic structures, including the neocor-
tex (Briscoe et al., 1999).
On the other hand, ablation of the mouse forebrain roof-
plate, accomplished by expressing a diptheria toxin trans-
gene driven by a roofplate-specific promoter, both lowered
and flattened graded expression of the Lim Homeobox gene,
Lhx2, in the neocortex (Monuki et al., 2001). Lhx2 is ex-
pressed in a dorsomedial gradient across the neocortex, but
whether this gradient encodes regional neocortical informa-
tion remains unclear as Lhx2/ mice have a massive re-
duction of neocortex with an accompanying increase in the
dorsal midline structures (Monuki et al., 2001; Porter et al.,
1997). Ectopic application of either BMP4 or -6, both of
which are expressed within the roofplate, can reduce Lhx2
expression in neocortical explants (Monuki et al., 2001). It
is unlikely that these BMPs directly regulate Lhx2 expres-
sion, as telencephalon-specific KO of the BMPR1A recep-
tor did not cause detectable malformation of the neocortex,
but these mice did have altered choroid plexus differentia-
tion (Hebert et al., 2002). Both the choroid plexus and
another candidate patterning centre, the cortical hem, are
roofplate derivatives (Grove et al., 1998; Monuki et al.,
2001). Several Wnt and BMP molecules are expressed
within the cortical hem, and suppression of Wnt signalling
in the extra-toes mutant mouse results in altered Emx2
expression within the neocortex (Theil et al., 1999; Tole et
al., 2000). Dissection of the Emx2 promoter suggests that
Wnt and BMP signalling are sufficient to activate its ex-
pression within the neocortex (Theil et al., 2002). Whether
signals emanating from the cortical hem are directly respon-
sible for patterning Emx2 expression in a way that modu-
lates neocortical regionalisation remains undetermined and
may be complicated by the expression of other Wnt and
Wnt repressor molecules, which are present at other neo-
cortical sites (Augustine et al., 2001; Kim et al., 2001).
A clearer example of how an early diffusible signal could
influence intrinsic specification was elegantly demonstrated
by electroporation of FGF8 expression constructs into either
the rostral or caudal ends of the medial neocortex in utero
(Fukuchi-Shimogori and Grove, 2001; Fig. 2). FGF8 is
natively expressed in the rostral portion of the E11.5 medial
neocortex. Overexpression from this region shifted multiple
regional markers caudally. Rostral expression of the extra-
cellular portion of the FGF8 receptor, FGFR3c, resulted in
the opposite effect, presumably by interfering with native
FGF8 levels. More impressively, these expression pattern
shifts were accompanied by similar shifts in the position of
the barrel field. Caudal overexpression of FGF8 sometimes
even resulted in a mirror duplication of the barrel field. This
duplication may be a consequence of generating two regions
capable of attracting projections from the VBN, which have
either segregated or bifurcated in transit to the cortical plate.
Another candidate for neocortical patterning is retinoic
acid (RA), a small lipophilic molecule capable of regulating
the activity of many genes within the brain (Ross et al.,
2000). RA diffuses readily and prenatal deficiency or excess
causes cortical malformations (Avantaggiato et al., 1996).
In the chick, RA induces rostral FGF8 expression, and in the
mouse, enzymes which synthesise RA are located at discrete
locations within the developing telencephalon (Crossley et
al., 2001; Smith et al., 2001). Analysis of a retinoic acid
reporter in mice has revealed that RA is actively signalling
within the developing neocortex, and the Pbx homeobox
gene Meis2, an RA-induced inhibitor of FGF signalling in
limb bud morphogenesis, is also present within the neocor-
tex at early stages (Cecconi et al., 1997; Smith et al., 2001).
The effect of intrinsic factors on thalamo-cortical
connectivity
Arguably, the most important function for intrinsic spec-
ification is the regulation of thalamocortical connectivity, as
this is the major axis along which subcortical input is
conveyed into the cortex. Specific thalamic nuclei route
either sensory, homeostatic, or preprocessed information to
particular regions within the neocortex. This argument is
empirically supported by the precision with which embry-
onic thalamocortical afferents are connected to their targets
within the neocortex, a fact which suggests an underlying
protomap (Caviness and Frost, 1980; Molnar et al., 1998a).
It also sets a limitation on the protocortex argument be-
cause, if the cortical plate is essentially naı¨ve, there must be
some prespecified way of generating distinction between
projections emanating from different thalamic nuclei. In the
absence of such ordering, experience-dependent associative
processes would have no structural basis upon which to
develop modality-specific representations.
226 C. Job, S.-S. Tan / Developmental Biology 257 (2003) 221–232
The strongest evidence for intrinsic specification of
thalamocortical connectivity comes from heterotopic trans-
plantation experiments, where newborn occipital cortex was
replaced with embryonic parietal or frontal cortex and vice
versa (Frappe et al., 1999; Gaillard and Roger, 2000). The
projections to these explants emanated from thalamic nuclei
which would normally project to the site from which the
donor tissue was removed. Detailed tracing studies found
that the novel thalamocortical projections to the grafted
tissue did not make their way to the occipital cortex via the
frontal cortex, suggesting that they take the shortest possible
route to the occipital cortex (Frappe et al., 2001). The fact
that the projections formed several days after transplanta-
tion suggests that they were guided there in response to cues
presented by the graft.
It seems unlikely that these transplants are emitting un-
tethered molecular cues, as axon outgrowth experiments
where explants of specific thalamic nuclei and their target
neocortical areas were cocultured provided no evidence for
the presence of area-specific diffusible chemoattractants or
repellents, although it must be borne in mind that the chem-
ical environment in vitro may differ from that present in
vivo (Molnar and Blakemore, 1991). Diffusible substances
such as the netrins seem to have a more general role in
repelling all thalamocortical afferents out of the dorsal thal-
amus, through the internal capsule and into the intermediate
zone where they flare apart whilst extending toward the
dorsal surface of the telencephalon (Braisted et al., 1999,
2000; Metin et al., 1997). In order to account for this
discrepancy, it has been suggested that thalamocortical af-
ferents and corticothalamic efferents use one another for
pathfinding after they meet within the internal capsule.
Some support for this has come in the form of tracing
studies where multiple dye placements in both the neocortex
and thalamus were used to find overlapping fibre bundles
(Molnar et al., 1998a,b). Several KOs (including Pax6/
mice) point to interactions within the internal capsule as
being important in thalamocortical connectivity (Hevner et
al., 2002; Molnar and Butler, 2002). Whilst transcription
factors may regulate this interaction, they cannot effect it
directly, a task more suited to membrane-bound proteins
that can directly mediate contact-dependent guidance. KO
of the cell adhesion molecule L1 vouches for this proposi-
tion, but its homogenous expression within the neocortex
devolves it of the responsibility of guiding thalamocortical
afferents to specific regions unless one invokes mechanisms
such as precise timing of thalamocortical afferent arrival at
the internal capsule (Molnar and Butler, 2002). Better can-
didates for this role include several cadherins (Cad6, Cad8,
and Cad11), the IGLONs (LAMP, neurotrimin), and various
ephrin ligand/eph receptor genes (Ephrin-A5, Eph-A5, Eph-
A7, Eph-A3), which are asymetrically distributed both/ei-
ther within the neocortex and/or the thalamus prior to tha-
lamic innervation (Donoghue and Rakic, 1999; Miyashita-
Lin et al., 1999; Nakagawa et al., 1999)
The cadherins are excellent candidates for several rea-
sons. Firstly, they function by subtype-specific homophilic
interaction and are expressed in areas of the thalamus and
neocortex which eventually form connections with one an-
other. For instance, the zone of Cad6 expression approxi-
mates the boundaries of the MGN (auditory thalamus) and
A1. Additionally, cad6 and cad8 are expressed within layer
V of the neocortex from which the corticothalamic efferents
emanate (Clasca et al., 1995; Gil et al., 2002a). Secondly,
analysis of the chick tectofugal pathway has demonstrated
that the cadherins can cause selective fasciculation between
fibres expressing the same cadherin subtype (Treubert-Zim-
mermann et al., 2002; Wohrn et al., 1999). Admittedly,
unlike the tectofugal pathway, thalamocortical afferents and
corticothalamic efferents run in opposite directions, but in
concept, if these fibres are brought into close enough prox-
imity with one another, as could happen in the internal
capsule, such an interaction might be induced and may only
require a few pioneer fibres to seed such a contact. This
scenario remains speculative, however, as no reported cad-
herin KO affects thalamocortical connectivity, and like so
many other biological processes, issues of redundancy may
mask the underlying function. To illustrate this, Cad6 is
expressed within the lateral ganglionic eminence but not the
neocortex at early developmental stages, but KO of Cad6
does not disrupt compartmentalisation of these two struc-
tures. Yet, when Cad6 was ectopically expressed in cells at
the border of these two structures, they sorted into LGE of
the WT but not the KO embryos, showing that Cad6 is
sufficient but not solely responsible for this cell-sorting
effect (Inoue et al., 2001).
Targeting of thalamocortical afferents to limbic and non-
limbic neocortical domains may also depend on molecular
cues such as those provided by IgLON (Immunoglobulin-
LAMP-OBCAM-Neurotrimin) CAM family members.
When rat embryonic perirhinal cortex was transplanted into
the newborn sensorimotor cortex, the grafted tissue retained
a pattern of innervation reminiscent of the tissue of origin
(Barbe and Levitt, 1992). These explants were LAMP-
positive, and LAMP protein is present throughout the limbic
cortex and the thalamic nuclei which innervate it, without
having significant expression in nonlimbic neocortical or
thalamic areas. LAMP can also stimulate homophilic adhe-
sion and the fasciculation of limbic axons (Pimenta et al.,
1995; Zhukareva and Levitt, 1995). Axons from thalamic
nuclei which project to the limbic system preferentially
grow on membranes that contain recombinant LAMP, and
functional blocking of LAMP activity eliminates the ability
of these axons to distinguish between membranes prepared
from limbic and nonlimbic cortex (Mann et al., 1998).
Thalamic axons which normally project to the nonlimbic
neocortex are repelled by membranes containing recombi-
nant LAMP, implying the presence of nonlimbic specific
cell “de-adhesion” molecule(s) that may behave differently
in the context of nonlimbic cell–cell interactions. This fac-
tor may be the LAMP-related homophilic cell adhesion
molecule neurotrimin, as it can bind heterophilically to
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LAMP, and is expressed in pattern complementary to it,
being present both within nonlimbic neocortical layer IV
and the lateral thalamic nuclei which project there (Gil et
al., 1998, 2002b).
Unlike cadherins or IgLONs, the ephrins are less likely
to mediate fasciculation between thalamocortical afferents
and corticothalamic efferents, with current expression and
functional evidence pointing more to their involvment in the
latter stages of axon guidance after thalamocortical afferents
reach the cortical plate. Consistent with this idea, thalamo-
cortical afferent guidance in Ephrin-A5 KO mice was found
to be grossly normal (Vanderhaeghen et al., 2000; Uziel et
al., 2002). However, within S1, Ephrin-A5 is expressed in a
dorsomedial gradient in layers IV and VI (but not V), and
more detailed study of whisker-sensitive barrels (at both the
histochemical and physiological levels) found that their
position relative to one another had become distorted in a
way suggestive of Ephrin-A5 acting as a repellent, possibly
via the Eph-A4 receptor, which has graded expression
within the VBN (Prakash et al., 2000; Vanderhaeghen et al.,
2000). It was therefore posited that Ephrin-A5 is responsible
for defining the internal structure of the mouse somatotopic
representation. This may also occur within the monkey, as
presumptive primary and secondary visual areas can be
defined by combinations of Ephrins and Ephs (Donoghue
and Rakic, 1999; Sestan et al., 2001).
More evidence of Ephrin-A5’s role as a repellent has
come from experiments tracing thalamocortical afferents
projecting from limbic thalamic nuclei (LDN and LPN),
which make their way to the medial limbic (cingulate)
cortex under S1. These neurons express the EphA5 receptor,
which can cause axon repulsion in the presence of Eph-
rin-A5 (Gao et al., 1998). As discussed above, EphA5 is
expressed within the somatosensory cortex and other neo-
cortical regions lateral to the cingulate cortex, and in EphA5
KO (but not WT) animals some of these axons can be
retrogradely labelled by dye placement in the primary so-
matosenory cortex, implying that EphA5, via the EphA5
receptor, actively excludes limbic thalamocortical afferents
from the nonlimbic neocortex (Vanderhaeghen et al., 2000;
Uziel et al., 2002).
However, these results belie the complexity that may
underlie Ephrin signalling within the cortical plate. Mann et
al (2002) recently found that Ephrin-A5 induces extensive
branching in thalamocortical afferents, and soluble Eph-
rin-A5 can inhibit a thalamocortical afferent branch promot-
ing factor present within layer IV but not layer V. Paradox-
ically, this implicates Ephrin-A5 as a factor that stops
thalamocortical afferents within their target layer rather than
as a repellent. These differences may stem from the exact
preparation of thalamus used, as in vitro stripe assays
showed Ephrin-A5 only has a significant repelling effect on
ventromedial but not dorsolateral explants of the VBN
(Vanderhaeghen et al., 2000). Also, much data analysing
axon guidance signalling mechanisms have shown that in-
dividual receptors can have differential effects on growth
cone behaviour dependent on where within a ligand con-
centration gradient it is positioned and which other signal-
ling molecules it is or has been exposed to (for a concise
review, see Yu and Bargmann, 2001). For instance, various
members of the semaphorin chemorepellent family flank
layer IV at early postnatal stages in the mouse (Skaliora et
al., 1998).
Two major inferences can be made about the above
discussion. Firstly, targeting of thalamocortical afferents to
the cortical plate is a complicated process requiring growth
cones to make multiple decisions in order to reach their
correct destinations, with different cell adhesion and signal-
ling molecules probably having different roles at different
stages of this targeting (Fig. 3). Secondly, whilst molecular
mechanisms strongly distinguish between limbic and non-
limbic neocortical areas, current expression data provide no
evidence for a single cell adhesion or signalling molecule
which clearly marks future sensory areas, implying that this
aspect of thalamocortical connectivity is determined by
combinatorial expression. Graded combinations of cell-ad-
hesion molecules in principle can facilitate more precise
targeting than those expressed in nonoverlapping domains
as each different combination potentially denotes a separate
target (Fig. 4a and b). Whether this is actually the case will
require a better understanding of how accurately an indi-
vidual thalamocortical afferents can distinguish between
fibres which have matching and nonmatching complements
of cell adhesion molecules (Fig. 4c). Additionally, this over-
lap may also provide a certain degree of targeting redun-
dancy, a suggestion supported by the work of Huffman et al.
(1999), who were able to remove up to three-quarters of the
developing neocortex at a stage prior to the arrival of
thalamocortical afferents. Even such a drastic lobotomy as
this was incapable of eradicating any of the major sensory
areas.
Other facets of cortical regionalisation may be
regulated by intrinsic specification
Whilst much work has concentrated on the potential of
intrinsic specification to guide thalamocortical afferents, it
seems likely that genetic mechanisms also regulate other
aspects of cortical regionalisation, such as corticocortical
connectivity. For instance, transplants containing postmi-
totic LAMP-positive neurons tend to form interhemispheric
connections appropriate to their site of origin, again sug-
gestive of LAMP’s role in segregating limbic and nonlimbic
circuitry (Barbe and Levitt, 1995). Less definitively, latexin
marks a subpopulation of pyramidal neurons present within
layers V and VI of S2 and the insular cortex. Unlike most
layer VI pyramidal neurons, the majority of latexin-positive
cells do not produce corticothalamic efferents but instead
mainly form long-range ipsilateral projections to the pri-
mary S1 and M1 (Arimatsu et al., 1999a). This suggests a
role for these projections in sensorimotor integration, but
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whether latexin’s presence is causal or merely associated
with the development of this circuit remains to be seen.
Similarly, many investigations have shown that, even
though glutamate receptors are homogenously distributed
throughout the cortex, receptors for other classes of neuro-
transmitter are likely to be intrinsically regionalised. Vari-
ous monoamine neurotransmitter receptors are distributed
differentially between the embryonic monkey primary and
secondary visual cortex, even when bilateral eye removal
occurs prior to the connection of functional visual circuitry
(Rakic and Lidow, 1995). In the rat, primary and secondary
visual or somatosensory cortices can be distinguished prior
to thalamic innervation by the differential expression of
inhibitory (GABA-A) receptor subtypes (Paysan et al.,
1997). Presumably, such changes in expression could mod-
ulate extrinsic activity in an area-specific fashion, thereby
influencing cytoarchitectonic properties. A precedent for
this was found in mice with excess 5-HT levels, which did
not form barrels in S1 (Cases et al., 1996; Vitalis et al.,
1998; Rebsam et al., 2002). However, regional specification
of this effect appears to occur at the presynaptic level, as
5-HT1B receptor expression is restricted to the VBN during
the early postnatal period.
Once again, the direct regulatory mechanisms responsi-
ble for these differences remain vague. Nevertheless, sub-
tractive hybridisation experiments in our laboratory have
found that the recently cloned RA-degrading P450 cyto-
chrome oxidase, Cyp26B1, has extremely restricted expres-
sion within the deep layers of the perirhinal and insular
cortices as early as P1.5 in the mouse (White et al., 2000;
MacLean et al., 2001; Abu-Abed et al., 2002; our unpub-
lished data). Functional studies have shown that RA signal-
ling is important for the adult regulation of striatal dopa-
mine receptor expression and hippocampal synaptic
plasticity, hence Cyp26B1 may modulate the expression of
these properties within this subset of cells (Samad et al.,
1997; Chiang et al., 1998; Krezel et al., 1998; Misner et al.,
2001).
Is information intrinsic to the neocortex sufficient for
the generation of regional character
In the light of recent advances, it almost seems as though
cortical specification is entirely innate, but the viewpoint
would be highly unbalanced. An abundance of data, too
large to adequately review here, clearly shows that the
neocortex is highly plastic to early extrinsic influences (for
reviews, see Pallas, 2001; Sur and Leamey, 2001). Ocular
dominance columns and orientation selective columns in VI
and whisker barrels in mouse S1 do not properly develop in
the absence of patterned activity from the thalamus and
cannot be maintained without peripheral stimulation at crit-
ical periods (Wiesel and Hubel, 1965; Woolsey and Wann,
1976; Mower et al., 1981). Furthermore, the amount of
neocortical space devoted to a specific sense is highly cor-
related with the amount of peripheral input, and hence the
extent of a particular region is not completely defined by
intrinsic mechanisms (Welker and Van der Loos, 1986;
Andrews et al., 1997).
This apparent plasticity has been more directly assessed
by transplantation experiments showing that the embryonic
visual cortical plate was capable of adopting cytoarchitec-
tonic characteristics normally only found within S1 (Schlag-
gar et al., 1993). Similarly, by rerouting retinal input to the
MGN, A1 could be converted into a V1-like area (Sharma
et al., 2000; von Melchner et al., 2000). That many cytoar-
chitectural features do not develop when genes crucial to
long-term potentiation or depression are either genetically
ablated or pharmacologically blockaded also strengthens the
essential role of synaptic plasticity in generating regional
differences (Abdel-Majid et al., 1998; Iwasato et al., 2000;
Hannan et al., 2001). We would suggest that extrinsic pat-
terning is therefore essential to the later stages of neocorti-
cal development and circuit formation and its influence
generally overides early intrinsic patterning with regards to
the exact positioning of area borders.
Conclusions
In the last few years, major strides have been made in
identifying factors crucial to the intrinsic patterning of the
neocortex. Expression studies have identified genes which
have discreet expression patterns at almost every stage of
neocortical development. Functional studies demonstrate
Fig. 4. Graded (b) as opposed to discrete (a) expression can potentially
result in higher targeting specificity as each cell carries a higher informa-
tional content. However, it is currently unclear how accurately axons can
distinguish between these differences (c), and demonstrating this in vivo
may be difficult as removing any one molecule may not significantly
disturb the underlying targeting information (d).
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that the asymmetric expression of various transcription fac-
tors encodes positional information within the neocortex,
and growing evidence implicates various embryonic pat-
terning centres in generating this asymmetry. These tran-
scription factors either directly or indirectly regulate the
expression of genes expressed in postmitotic neocortical
neurons that in turn influence the connectivity between the
neocortex and thalamus and within the neocortex itself.
Other genes may regulate cytoarchitectonic properties by
modulating activity-dependent extrinsic patterning in a re-
gion-specific manner. However, the direct links coupling
patterning centres to transcription factors and transcription
factors to cell-adhesion and signalling molecule expression
have yet to be comprehensively made, and the differences
intrinsic to one region or another may depend critically on
the details of how this information is transferred at each
stage.
Current understanding is also limited by the fact that
functional studies of intrinsic patterning have generally
been limited to the mouse, and data on regionalised gene
expression are only slightly less circumscribed. Cytoarchi-
tectonic properties can vary widely between species, and
whilst extrinsic patterning is important in generating such
differences, the role of intrinsic patterning cannot be ex-
cluded (Krubitzer, 2000). For example, the tunnel-dwelling
naked mole rat, Heterocephalus glaber, has no detectable
primary visual area with most of the caudomedial neocortex
responding to somatosensory cues—is this due to decreased
Emx2 expression or because visual experience is very lim-
ited in their native environment (Catania and Remple,
2002)?
Finally, the ultimate goal of such analyses is to explain
how intrinsic factors influence human neocortical develop-
ment. MRI imaging of mono- and dizygotic twins show that
structural similarity within the sensorimotor and frontal
areas is highly correlated with genetic closeness (Thompson
et al., 2001). If some of the genes discussed above have a
major role in generating this similarity, allelic variation
could potentially be correlated with changes in neocortical
structure, as has been demonstrated in the mouse hippocam-
pus (Lu et al., 2001; Thompson et al., 2001). Structural
imaging may in the future be complemented by functional
MRI as recent improvements allow discrimination between
the various subfields of the visual and motor cortices
(Tootell et al., 1998; Lotze et al., 2000). Such differences
may have clinical relevance as the identification of genes
predisposing individuals to various psychiatric and neuro-
logical conditions could also reveal that perturbed intrinsic
neocortical patterning has a role to play in the etiology of
these diseases.
Acknowledgments
Our work is supported by the Australian National Health
and Medical Research Council and by a generous endow-
ment from the Myer Foundation. We would also like to
thank Tony Hannan for his critical reading and discussion of
the manuscript.
References
Abu-Abed, S., MacLean, G., Fraulob, V., Chambon, P., Petkovich, M.,
Dolle, P., 2002. Differential expression of the retinoic acid-metaboliz-
ing enzymes CYP26A1 and CYP26B1 during murine organogenesis.
Mech. Dev. 110, 173–177.
Arimatsu, Y., Ishida, M., Sato, M., Kojima, M., 1999a. Corticocortical
associative neurons expressing latexin: specific cortical connectivity
formed in vivo and in vitro. Cereb. Cortex 9, 569–576.
Arimatsu, Y., Ishida, M., Takiguchi-Hayashi, K., Uratani, Y., 1999b.
Cerebral cortical specification by early potential restriction of progen-
itor cells and later phenotype control of postmitotic neurons. Develop-
ment 126, 629–638.
Arimatsu, Y., Kojima, M., Ishida, M., 1999c. Area- and lamina-specific
organization of a neuronal subpopulation defined by expression of
latexin in the rat cerebral cortex. Neuroscience 88, 93–105.
Augustine, C., Gunnersen, J., Spirkoska, V., Tan, S.S., 2001. Place- and
time-dependent expression of mouse sFRP-1 during development of
the cerebral neocortex. Mech. Dev. 109, 395–397.
Barbe, M.F., Levitt, P., 1992. Attraction of specific thalamic input by
cerebral grafts depends on the molecular identity of the implant. Proc.
Natl. Acad. Sci. USA 89, 3706–3710.
Bishop, K.M., Goudreau, G., O’Leary, D.D., 2000. Regulation of area
identity in the mammalian neocortex by Emx2 and Pax6. Science 288,
344–349.
Bishop, K.M., Rubenstein, J.L., O’Leary, D.D., 2002. Distinct actions of
Emx1, Emx2, and Pax6 in regulating the specification of areas in the
developing neocortex. J. Neurosci. 22, 7627–7638.
Braisted, J.E., Catalano, S.M., Stimac, R., Kennedy, T.E., Tessier-Lavigne,
M., Shatz, C.J., O’Leary, D.D., 2000. Netrin-1 promotes thalamic axon
growth and is required for proper development of the thalamocortical
projection. J. Neurosci. 20, 5792–5801.
Braisted, J.E., Tuttle, R., O’Leary, D.D., 1999. Thalamocortical axons are
influenced by chemorepellent and chemoattractant activities localized
to decision points along their path. Dev. Biol. 208, 430–440.
Cases, O., Vitalis, T., Seif, I., De Maeyer, E., Sotelo, C., Gaspar, P., 1996.
Lack of barrels in the somatosensory cortex of monoamine oxidase
A-deficient mice: role of serotonin excess during the critical period.
Neuron 16, 297–307.
Cecconi, F., Proetzel, G., Alvarez-Bolado, G., Jay, D., Gruss, P., 1997.
Expression of Meis2, a Knotted-related murine homeobox gene, indi-
cates a role in the differentiation of the forebrain and the somitic
mesoderm. Dev. Dyn. 210, 184–190.
Chiang, M.Y., Misner, D., Kempermann, G., Schikorski, T., Giguere, V.,
Sucov, H.M., Gage, F.H., Stevens, C.F., Evans, R.M., 1998. An essen-
tial role for retinoid receptors RARbeta and RXRgamma in long-term
potentiation and depression. Neuron 21, 1353–1361.
Clasca, F., Angelucci, A., Sur, M., 1995. Layer-specific programs of
development in neocortical projection neurons. Proc. Natl. Acad. Sci.
USA 92, 11145–11149.
Crossley, P.H., Martinez, S., Ohkubo, Y., Rubenstein, J.L., 2001. Coordi-
nate expression of Fgf8, Otx2, Bmp4, and Shh in the rostral prosen-
cephalon during development of the telencephalic and optic vesicles.
Neuroscience 108, 183–206.
Donoghue, M.J., Rakic, P., 1999. Molecular evidence for the early speci-
fication of presumptive functional domains in the embryonic primate
cerebral cortex. J. Neurosci. 19, 5967–5979.
Finlay, B.L., Darlington, R.B., 1995. Linked regularities in the devel-
opment and evolution of mammalian brains. Science 268, 1578 –
1584.
230 C. Job, S.-S. Tan / Developmental Biology 257 (2003) 221–232
Gao, P.P., Yue, Y., Zhang, J.H., Cerretti, D.P., Levitt, P., Zhou, R., 1998.
Regulation of thalamic neurite outgrowth by the Eph ligand ephrin-A5:
implications in the development of thalamocortical projections. Proc.
Natl. Acad. Sci. USA 95, 5329–5334.
Gil, O.D., Zanazzi, G., Struyk, A.F., Salzer, J.L., 1998. Neurotrimin me-
diates bifunctional effects on neurite outgrowth via homophilic and
heterophilic interactions. J. Neurosci. 18, 9312–9325.
Gil, O.D., Zhang, L., Chen, S., Ren, Y.Q., Pimenta, A., Zanazzi, G.,
Hillman, D., Levitt, P., Salzer, J.L., 2002. Complementary expression
and heterophilic interactions between IgLON family members neuro-
trimin and LAMP. J. Neurobiol. 51, 190–204.
Hebert, J.M., Mishina, Y., McConnell, S.K., 2002. BMP signaling is
required locally to pattern the dorsal telencephalic midline. Neuron 35,
1029–1041.
Hevner, R.F., Miyashita-Lin, E., Rubenstein, J.L., 2002. Cortical and
thalamic axon pathfinding defects in Tbr1, Gbx2, and Pax6 mutant
mice: evidence that cortical and thalamic axons interact and guide each
other. J. Comp. Neurol. 447, 8–17.
Huffman, K.J., Molnar, Z., Van Dellen, A., Kahn, D.M., Blakemore, C.,
Krubitzer, L., 1999. Formation of cortical fields on a reduced cortical
sheet. J. Neurosci. 19, 9939–9952.
Kim, A.S., Anderson, S.A., Rubenstein, J.L., Lowenstein, D.H., Pleasure,
S.J. 2001. Pax-6 regulates expression of SFRP-2 and Wnt-7b in the
developing CNS. J. Neurosci. 21, 132, 1–5.
Krezel, W., Ghyselinck, N., Samad, T.A., Dupe, V., Kastner, P., Borrelli,
E., Chambon, P., 1998. Impaired locomotion and dopamine signaling
in retinoid receptor mutant mice. Science 279, 863–867.
MacLean, G., Abu-Abed, S., Dolle, P., Tahayato, A., Chambon, P., Petk-
ovich, M., 2001. Cloning of a novel retinoic-acid metabolizing
cytochrome P450, Cyp26B1, and comparative expression analysis
with Cyp26A1 during early murine development. Mech. Dev. 107,
195–201.
Mallamaci, A., Muzio, L., Chan, C.H., Parnavelas, J., Boncinelli, E., 2000.
Area identity shifts in the early cerebral cortex of Emx2/ mutant
mice. Nat. Neurosci. 3, 679–686.
Mann, F., Peuckert, C., Dehner, F., Zhou, R., Bolz, J., 2002. Ephrins
regulate the formation of terminal axonal arbors during the develop-
ment of thalamocortical projections. Development 129, 3945–3955.
Mann, F., Zhukareva, V., Pimenta, A., Levitt, P., Bolz, J., 1998. Mem-
brane-associated molecules guide limbic and nonlimbic thalamocorti-
cal projections. J. Neurosci. 18, 9409–9419.
Metin, C., Deleglise, D., Serafini, T., Kennedy, T.E., Tessier-Lavigne, M.,
1997. A role for netrin-1 in the guidance of cortical efferents. Devel-
opment 124, 5063–5074.
Misner, D.L., Jacobs, S., Shimizu, Y., de Urquiza, A.M., Solomin,
L., Perlmann, T., De Luca, L.M., Stevens, C.F., Evans, R.M.,
2001. Vitamin A deprivation results in reversible loss of hippocampal
long-term synaptic plasticity. Proc. Natl. Acad. Sci. USA 98, 11714–
11719.
Miyashita-Lin, E.M., Hevner, R., Wassarman, K.M., Martinez, S., Ruben-
stein, J.L., 1999. Early neocortical regionalization in the absence of
thalamic innervation. Science 285, 906–909.
Molnar, Z., Adams, R., Blakemore, C., 1998a. Mechanisms underlying the
early establishment of thalamocortical connections in the rat. J. Neu-
rosci. 18, 5723–5745.
Molnar, Z., Adams, R., Goffinet, A.M., Blakemore, C., 1998b. The role of
the first postmitotic cortical cells in the development of thalamocortical
innervation in the reeler mouse. J. Neurosci. 18, 5746–5765.
Molnar, Z., Blakemore, C., 1991. Lack of regional specificity for connec-
tions formed between thalamus and cortex in coculture. Nature 351,
475–477.
Molnar, Z., Butler, A.B., 2002. The corticostriatal junction: a crucial region
for forebrain development and evolution. Bioessays 24, 530–541.
Monuki, E.S., Porter, F.D., Walsh, C.A., 2001. Patterning of the dorsal
telencephalon and cerebral cortex by a roof plate-Lhx2 pathway. Neu-
ron 32, 591–604.
Nakagawa, Y., Johnson, J.E., O’Leary, D.D., 1999. Graded and areal
expression patterns of regulatory genes and cadherins in embryonic
neocortex independent of thalamocortical input. J. Neurosci. 19,
10877–10885.
O’Leary, D.D., 1989. Do cortical areas emerge from a protocortex? Trends
Neurosci 12, 400–406.
Paysan, J., Kossel, A., Bolz, J., Fritschy, J.M., 1997. Area-specific regu-
lation of gamma-aminobutyric acid type A receptor subtypes by tha-
lamic afferents in developing rat neocortex. Proc. Natl. Acad. Sci. USA
94, 6995–7000.
Pimenta, A.F., Zhukareva, V., Barbe, M.F., Reinoso, B.S., Grimley, C.,
Henzel, W., Fischer, I., Levitt, P., 1995. The limbic system-associated
membrane protein is an Ig superfamily member that mediates selective
neuronal growth and axon targeting. Neuron 15, 287–297.
Porter, F.D., Drago, J., Xu, Y., Cheema, S.S., Wassif, C., Huang, S.P.,
Lee, E., Grinberg, A., Massalas, J.S., Bodine, D., Alt, F., Westphal,
H., 1997. Lhx2, a LIM homeobox gene, is required for eye, fore-
brain, and definitive erythrocyte development. Development 124,
2935–2944.
Prakash, N., Vanderhaeghen, P., Cohen-Cory, S., Frisen, J., Flanagan, J.G.,
Frostig, R.D., 2000. Malformation of the functional organization of
somatosensory cortex in adult ephrin-A5 knock-out mice revealed by in
vivo functional imaging. J. Neurosci. 20, 5841–5847.
Rakic, P., Lidow, M.S., 1995. Distribution and density of monoamine
receptors in the primate visual cortex devoid of retinal input from early
embryonic stages. J. Neurosci. 15, 2561–2574.
Rebsam, A., Seif, I., Gaspar, P., 2002. Refinement of thalamocortical
arbors and emergence of barrel domains in the primary somatosensory
cortex: a study of normal and monoamine oxidase a knock-out mice.
J. Neurosci. 22, 8541–8552.
Samad, T.A., Krezel, W., Chambon, P., Borrelli, E., 1997. Regulation of
dopaminergic pathways by retinoids: activation of the D2 receptor
promoter by members of the retinoic acid receptor-retinoid X receptor
family. Proc. Natl. Acad. Sci. USA 94, 14349–14354.
Schlaggar, B.L., Fox, K., O’Leary, D.D., 1993. Postsynaptic control
of plasticity in developing somatosensory cortex. Nature 364, 623–
626.
Sharma, J., Angelucci, A., Sur, M., 2000. Induction of visual orientation
modules in auditory cortex. Nature 404, 841–847.
Smith, D., Wagner, E., Koul, O., McCaffery, P., Drager, U.C., 2001.
Retinoic acid synthesis for the developing telencephalon. Cereb. Cortex
11, 894–905.
Theil, T., Alvarez-Bolado, G., Walter, A., Ruther, U., 1999. Gli3 is re-
quired for Emx gene expression during dorsal telencephalon develop-
ment. Development 126, 3561–3571.
Theil, T., Aydin, S., Koch, S., Grotewold, L., Ruther, U., 2002. Wnt and
Bmp signalling cooperatively regulate graded Emx2 expression in the
dorsal telencephalon. Development 129, 3045–3054.
Tole, S., Goudreau, G., Assimacopoulos, S., Grove, E.A., 2000. Emx2 is
required for growth of the hippocampus but not for hippocampal field
specification. J. Neurosci. 20, 2618–2625.
Treubert-Zimmermann, U., Heyers, D., Redies, C., 2002. Targeting axons
to specific fiber tracts in vivo by altering cadherin expression. J. Neu-
rosci. 22, 7617–7626.
Uziel, D., Muhlfriedel, S., Zarbalis, K., Wurst, W., Levitt, P., Bolz, J.,
2002. Miswiring of limbic thalamocortical projections in the absence of
ephrin-A5. J. Neurosci. 22, 9352–9357.
Vanderhaeghen, P., Lu, Q., Prakash, N., Frisen, J., Walsh, C.A., Frostig,
R.D., Flanagan, J.G., 2000. A mapping label required for normal scale
of body representation in the cortex. Nat. Neurosci. 3, 358–365.
Vitalis, T., Cases, O., Callebert, J., Launay, J.M., Price, D.J., Seif, I.,
Gaspar, P., 1998. Effects of monoamine oxidase A inhibition on barrel
formation in the mouse somatosensory cortex: determination of a
sensitive developmental period. J. Comp. Neurol. 393, 169–184.
von Melchner, L., Pallas, S.L., Sur, M., 2000. Visual behaviour mediated
by retinal projections directed to the auditory pathway. Nature 404,
871–876.
231C. Job, S.-S. Tan / Developmental Biology 257 (2003) 221–232
White, J.A., Ramshaw, H., Taimi, M., Stangle, W., Zhang, A., Evering-
ham, S., Creighton, S., Tam, S.P., Jones, G., Petkovich, M., 2000.
Identification of the human cytochrome P450, P450RAI-2, which is
predominantly expressed in the adult cerebellum and is responsible for
all-trans-retinoic acid metabolism. Proc. Natl. Acad. Sci. USA 97,
6403–6408.
Wohrn, J.C., Nakagawa, S., Ast, M., Takeichi, M., Redies, C., 1999.
Combinatorial expression of cadherins in the tectum and the sorting of
neurites in the tectofugal pathways of the chicken embryo. Neuro-
science 90, 985–1000.
Zhou, C., Qiu, Y., Pereira, F.A., Crair, M.C., Tsai, S.Y., Tsai, M.J., 1999.
The nuclear orphan receptor COUP-TFI is required for differentiation
of subplate neurons and guidance of thalamocortical axons. Neuron 24,
847–859.
Zhou, C., Tsai, S.Y., Tsai, M.J., 2001. COUP-TFI: an intrinsic factor
for early regionalization of the neocortex. Genes Dev. 15, 2054 –
2059.
Zhukareva, V., Levitt, P., 1995. The limbic system-associated membrane
protein (LAMP) selectively mediates interactions with specific central
neuron populations. Development 121, 1161–1172.
232 C. Job, S.-S. Tan / Developmental Biology 257 (2003) 221–232
